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(54) A signal processing circuit

(57) A signal processing circuit (700) comprising a
distance calculator (704) configured to receive a left ref-
erence signal (712) representative of an ultrasound sig-
nal supplied to a left acoustic transmitter (740); receive,
from a first microphone (750), a left received signal (716)
representative of an ultrasound signal transmitted by the
left acoustic transmitter (740); determine a left distance
between the left acoustic transmitter (740) and the first
microphone (750) in accordance with the received left
reference signal (712) and the received left received sig-
nal (716); receive a right reference signal (714) repre-
sentative of an ultrasound signal supplied to a right
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transmitter (746); and determine aright distance between
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phone (750) in accordance with the received right refer-
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a sound engine (702) configured to provide output audio
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Description

[0001] This disclosure relates to a signal processing
circuit, in particular a signal processing circuit that can
perform head tracking in order to provide output audio
signalling representative of a sound field.

[0002] According to afirst aspect of the invention there
is provided a signal processing circuit comprising:

a distance calculator configured to:

receive a left reference signal representative of
an ultrasound signal supplied to a left acoustic
transmitter;

receive, from a first microphone, a left received
signal representative of an ultrasound signal
transmitted by the left acoustic transmitter;
determine a left distance between the leftacous-
tic transmitter and the first microphone in ac-
cordance with the received left reference signal
and the received left received signal;

receive a right reference signal representative
ofan ultrasound signal supplied to a right acous-
tic transmitter;

receive, from the first microphone, a right re-
ceived signal representative of an ultrasound
signal transmitted by the right acoustic transmit-
ter; and

determine a right distance between the right
acoustic transmitter and the first microphone in
accordance with the received right reference
signal and the received right received signal;
and

a sound engine configured to provide output audio
signalling representative of a sound field in accord-
ance with the determined left distance and the de-
termined right distance.

[0003] The signal processing circuit can advanta-
geously use the left acoustic transmitter and the right
acoustic transmitter to perform head-tracking using the
ultrasound signals, such that additional head-tracking
components and sensors may not be required.

[0004] The sound engine may be configured to:

receive audio input signalling and associated posi-
tion input signalling; and

process the received audio input signalling and as-
sociated position input signalling in accordance with
the determined left distance and the determined right
distance in order to provide the output audio signal-
ling.

[0005] The signal processing circuit may further com-
prise an offset calculator configured to determine an off-
set value for the position signalling in accordance with
the determined left distance and the determined right dis-
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tance. The sound engine may be configured to add the
offset value to the received position input signalling in
order to provide offset position input signalling; and de-
termine the output audio signalling in accordance with
the audio input signalling and the offset position input
signalling.

[0006] The offset calculator may be an angle calculator
that is configured to calculate an azimuth angle offset
value.

[0007] The output signalling may comprise a left audio
signal for the left acoustic transmitter and a right audio
signal for the right acoustic transmitter. In this way, the
left acoustic transmitter and the right acoustic transmitter
can be used for both head tracking and providing audio
signals to a user.

[0008] The left reference signal and the left received
signal may be representative of a first continuous signal
containing a first set of ultrasound frequency compo-
nents. The right reference signal and the right received
signal may be representative of a second continuous sig-
nal containing a second set of ultrasound frequency com-
ponents. The first set of ultrasound components may be
at different frequencies to the second set of frequency
components.

[0009] The distance calculator may be configured to:

determine the left distance by tracking a position of
a peak of a cross-correlation between the left refer-
ence signal and the left received signal; and
determine the right distance by tracking a position
of a peak of a cross-correlation between the right
reference signal and the right received signal.

[0010] The left reference signal and the left received
signal may comprise a first series of time multiplexed
ultrasound pulses. The right reference signal and the
right received signal may comprise a second series of
time multiplexed ultrasound pulses. The distance calcu-
lator may be configured to determine the left distance by
calculating a time-of-flight of the first series of time mul-
tiplexed ultrasound pulses between the left acoustic
transmitter and the first microphone; and determine the
right distance by calculating a time-of-flight of the second
series of time multiplexed ultrasound pulses between the
right acoustic transmitter and the first microphone.
[0011] The distance calculator may be further config-
ured to:

receive, from a second microphone, a second left
received signal representative of the ultrasound sig-
nal transmitted by the left acoustic transmitter; and
receive, from the second microphone, a second right
received signal representative of the ultrasound sig-
nal transmitted by the right acoustic transmitter.

[0012] The distance calculator may be configured to:

determine the left distance in accordance with the
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left reference signal, the left received signal and the
second left received signal; and
determine the right distance in accordance with the
right reference signal, the right received signal and
the second right received signal.

[0013] The distance calculator may be configured to:
apply an averaging method or triangulation method to
the leftreceived signal and the second left received signal
in order to determine the left distance; and apply an av-
eraging method or triangulation method to the right re-
ceived signal and the second right received signal in or-
der to determine the right distance.

[0014] The left and right acoustic transmitters may
comprise a pair of headphones or earphones. The first
microphone may comprise a microphone assembly com-
prising one or more individual microphones. The second
microphone may comprises a microphone assembly
comprising one or more individual microphones.

[0015] There may be provided a surround sound sys-
tem comprising:

any signal processing circuit disclosed herein;

a pair of headphones comprising the left acoustic
transmitter and the right acoustic transmitter; and
the first microphone.

[0016] According to a further aspect, there is provided
a method of signal processing, the method comprising:

receiving a left reference signal representative of an
ultrasound signal supplied to a left acoustic trans-
mitter;

receiving, from afirst microphone, a leftreceived sig-
nal representative of an ultrasound signal transmit-
ted by the left acoustic transmitter;

determining a left distance between the left acoustic
transmitter and the first microphone in accordance
with the received left reference signal and the re-
ceived left received signal;

receiving a right reference signal representative of
an ultrasound signal supplied to a right acoustic
transmitter;

receiving, from the first microphone, a right received
signal representative of an ultrasound signal trans-
mitted by the right acoustic transmitter;
determining aright distance between the right acous-
tictransmitter and the first microphone in accordance
with the received right reference signal and the re-
ceived right received signal; and

providing output audio signalling representative of a
sound field in accordance with the determined left
distance and the determined right distance.

[0017] There may be provided an integrated circuit
comprising any signal processing circuit disclosed here-
in.

[0018] There may be provided a mobile computing de-
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vice comprising any signal processing circuit disclosed
herein.

[0019] There may be provided a computer program,
which when run on a computer, causes the computer to
configure any apparatus, including a circuit, signal
processing circuit, integrated circuit, controller, device or
mobile computing device disclosed herein or perform any
method disclosed herein. The computer program may be
a software implementation, and the computer may be
considered as any appropriate hardware, including a dig-
ital signal processor, a microcontroller, and animplemen-
tation in read only memory (ROM), erasable program-
mable read only memory (EPROM) or electronically eras-
able programmable read only memory (EEPROM), as
non-limiting examples. The software may be an assem-
bly program.

[0020] The computer program may be provided on a
computer readable medium, which may be a physical
computer readable medium such as a disc or a memory
device, or may be embodied as a transient signal. Such
a transient signal may be a network download, including
an internet download.

[0021] Embodiments of the present invention will now
be described by way of example and with reference to
the accompanying drawings in which:

figure 1 illustrates a sound field as perceived by a
user of a surround sound television when the user’s
head is oriented towards the television screen;
figure 2 illustrates a sound field as perceived by a
user of a surround sound television wearing head-
phones when the user turns his head away from the
television screen;

figure 3 illustrates a sound field as perceived by a
user of a surround sound television wearing head-
phones when the user turns his head away from the
television screen and when the surround sound tel-
evision comprises a head tracking system;

figure 4 illustrates the acoustic path distances be-
tween left and right acoustic transmitters and a mi-
crophone included in a surround sound mobile de-
vice;

figure 5 illustrates how the acoustic path distance
between the left and right acoustic transmitters and
the microphone of figure 4 changes as the user turns
his head to one side relative to the screen of the
surround sound mobile device;

figure 6 shows a block diagram of a system for de-
termining changes to the acoustic path distance from
left and right acoustic transmitters to a microphone
and adapting the sound field of an audio device ac-
cordingly;

figure 7 shows the system of figure 6 incorporated
into an audio device;

figure 8 shows a block diagram of a sound engine
for providing a stereo sound field from audio input
data and position input data; and

figure 9 illustrates a method of signal processing.
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[0022] One or more examples disclosed herein canen-
able the simultaneous playback of audio signals and ul-
trasound signals for head tracking or head localization,
for example from speakers / transmitters associated with
headphones. This can enable the modification of a sound
field that is represented by the audio signals to accom-
modate the movements of a user's head. In this way,
additional head tracking or head localization sensors may
not be required as one or more speakers can be used to
both provide the audio signals to the user and provide
signalling for head tracking or head localization.

[0023] Figure 1 illustrates the layout of a surround
sound television 100 and associated loudspeakers 104
- 114. A user 102 is illustrated with his head directed
towards the television 100. A sound field may be created
by driving a plurality of physically separated loudspeak-
ers that are remote from the user 102; for example there
may be a left speaker 104, a central speaker 106, a right
speaker 108, a left surround speaker 110, a central sur-
round speaker 112 and a right surround speaker 114
distributed around the user 102 as shown in figure 1. The
sound field generated by the plurality of speakers may
provide the user 102 with the perception that different
components of an audio signal originate from different
locations relative to the user 102. The different compo-
nents could, for example, correspond to different musical
instruments or different sound effects. It will be appreci-
ated that other arrangements of a larger or smaller
number of loudspeakers are possible and may comprise
a surround sound system. It will be further appreciated
that other types of surround sound devices exist, for ex-
ample, Hi-Fi systems, mobile telephones, personal com-
puters and many other devices.

[0024] The television 100 may also provide sound to
the user via a pair of headphones 116. The headphones
116 may be configured to give the user 102 the same
impression as a plurality of separately located loudspeak-
ers by means of appropriate processing of the audio sig-
nals supplied to the left and right channels of the head-
phones 116. In this case, the processing of left and right
audio signals is intended to ensure that the sound waves
supplied to the user’s 102 eardrums are essentially the
same as those that would be provided by the plurality of
remote speakers 104 - 114 shown in figure 1. This pro-
vides the user 102 with the perception that a virtual array
of loudspeakers exists. It will be appreciated that refer-
ences herein to headphones may equivalently be to ear-
phones or other suitable acoustic devices.

[0025] Figure 2 shows how the surround sound field
changes when a user 202 is listening to a pair of head-
phones 216 and turns his head away from a surround
sound television 200. Figure 2 illustrates the configura-
tion of six virtual loudspeakers 204 - 214. It will be ap-
preciated that these virtual loudspeakers 104 - 144 do
not exist, but are representative of the locations, relative
to the user 202, of an array of loudspeakers capable of
providing a surround sound field to the user 202, via the
headphones 216, that corresponds to the surround

10

15

20

25

30

35

40

45

50

55

sound field provided by the array of loudspeakers shown
in figure 1. Since the signals supplied to the left and right
channels of the headphones 216 do not adapt to the
changed orientation of the user’'s 202 head, the surround
sound field corresponding to the virtual array of loud-
speakers 204 - 214 appears to rotate with the user 202.
This apparent rotation of the sound field can be undesir-
able because the spatial characteristics of the sound field
are usually fixed relative to the position of the television
200. For example, the sound field may simulate sounds
coming from different locations depicted by the television
screen.

[0026] Figure 3 shows a surround sound television 300
that has a head-tracking capability. In this case, the sys-
tem tracks the orientation of the user’s head 302 in real
time. Left and right audio signals supplied to headphones
316 are adapted to account for the movement of the us-
er’s head 302. In this way, it is possible to provide the
user 302 with the impression that a virtual array of loud-
speakers 304 - 314, and correspondingly a surround
sound field, have not moved relative to the television 300
when he turns his head.

[0027] Figure4 illustrates asystem fortracking auser’s
402 head orientation relative to a mobile telephone 400.
The telephone 400 comprises a microphone 408, and in
this example also a display screen 414. The system also
comprises a left headphone 404 and a right headphone
406, both of which are moveable relative to the telephone
400. The telephone 400 provides a left audio signal to
the left headphone 404 and a right audio signal to the
right headphone 406. In addition to providing the audio
signals to the headphones 404, 406, the telephone 400
also provides a left ultrasound signal to the left head-
phone 404 and a right ultrasound signal to the right head-
phone 406. The ultrasound signals will be used for head-
tracking. The audio signals may comprise components
with frequencies in the range of 20 Hz to 20,000 Hz,for
example. Ultrasound signals may comprise components
with frequencies greater than 20,000 Hz, or greater than
30,000 Hz, 40,000 Hz, 50,000 Hz or more.

[0028] The microphone 408 is configured to detect the
ultrasound signals transmitted by the left headphone 404
and the right headphone 406. A processor (not shown)
associated with the microphone 408 can process the de-
tected ultrasound signals in order to determine how the
left headphone 404 and right headphone 406 have been
moved relative to the microphone 408. By comparing the
signals received at the microphone 408 with reference
ultrasound signals, the telephone 400 can calculate left
distance data410representative of the distance between
the left headphone 404 and the microphone 408 and can
calculate right distance data 412 representative of the
distance between the right headphone 406 and the mi-
crophone 408. This is described in more detail below with
reference to figure 6.

[0029] Once the left distance data 410 and the right
distance data 412 are known, the telephone 400 can per-
form a geometric analysis to determine the orientation of
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the user’s 402 head relative to the telephone 400.
[0030] Theheadrotationangle canbe calculated using
the following formula, for example:

D.-D;
2 2

where a is the head radius.

[0031] Once the orientation information has been de-
termined, the signals provided to the left headphone 404
and the right headphone 406 can be adapted accordingly
to maintain a consistent configuration of the surround
sound field relative to the telephone 400. This may be
particularly valuable in cases where the telephone 400
comprises a display screen 414, such that the apparent
points of origin of sounds can be maintained in the ap-
propriate positions relative to events depicted by the dis-
play screen 414.

[0032] Itwill be appreciated that the head-tracking sys-
tem illustrated in figure 4 may be implemented in a sur-
round sound device that does not comprise any display
screen. For example, maintaining the configuration of the
sound field relative to a Hi-Fi audio system may be de-
sirable such that the apparent position of origin of sounds
produced by different instruments in an orchestra re-
mains consistent, despite the user changing the orienta-
tion of his head.

[0033] Itwill be further appreciated that the head-track-
ing systemillustrated in figure 4 may also be implemented
in a surround sound device in which the microphone is
not co-located with the display screen. For example, a
surround sound television may have a screen in one lo-
cation and a unit comprising the microphone in a physi-
cally separate location. Such examples may utilise a
known location of the microphone relative to the screen
to accurately compensate for movements of the user’'s
head.

[0034] Advantageously, one or more of the head-track-
ing systems disclosed herein, including the example il-
lustrated by figure 4, use existing sensors and apparatus
in order to perform head-tracking, thereby reducing cost,
complexity and size and weight of the systems con-
cerned. This can be preferable to head-tracking systems
that instead use additional sensors and associated hard-
ware that is not otherwise present in a surround sound
device. For example, a head-tracking system that uses
gyroscopes, accelerometers or magnetic sensors to
measure a user’s head orientation.

[0035] Figure 5 illustrates operation of the system of
figure 4. In figure 5, the user has rotated his head 502
through an angle & 520 relative to the mobile telephone
500. The consequence of this rotation is that the left dis-
tance 510 between the left headphone 504 and the mi-
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crophone 508 has become smaller, whereas the right
distance 512 between the right headphone 506 and the
microphone 508 has become greater. In response to this
change, the surround sound device can calculate the new
orientation from the updated left distance 510 and right
distance 512 and then adapt the signals supplied to the
left headphone 504 and the right headphone 506 accord-
ingly, as discussed below.

[0036] It will be appreciated that there are many differ-
ent ways that the angle of rotation 5 520 of the user’s 502
head may be expressed. For example, the angle of ro-
tation may be the angle of intersection of a headphone
axis / line 530 that connects the left headphone 504 to
the right headphone 506 with a reference axis / line 532
that extends from a fixed reference point associated with
the telephone 500 at a predetermined orientation. In
some instances the fixed reference point may correspond
to the location of the microphone 508 and the predeter-
mined orientation may be perpendicular to a longitudinal
axis of the telephone 500. It will be appreciated that the
headphone line 530 and the reference line 532 shown in
figure 5 will intersect at an angle of 90 degrees plus the
angle & 520 through which the user 502 has rotated his
head when his head is rotated clockwise.

[0037] Inexamples thatuse only one microphone 508,
one or more of the circuits described below can use the
determined left distance 510 and the determined right
distance 512, along with a known value for the diameter
of the user’s head 502, to calculate both the absolute
position of the user’s head and the angle of the user’s
head. Therefore, one or more of the circuits disclosed
herein can provide a user localization system as well as,
or instead of, head tracking. Alternatively, if the diameter
of the user’s head is not known, then one or more of the
circuits described in this document may assume that the
user’s head does not change position during use; there-
fore any change in the determined left distance 510 and
the determined right distance 512 is attributed to a rota-
tion of the user’'s head 502. It will be appreciated that
references to head tracking in this document can also be
intended to refer to head localization.

[0038] Figure 6 illustrates a block diagram of a signal
processing circuit 600 for use in head-tracking with a sur-
round sound system. The signal processing circuit 600
comprises a sound engine 602 and a distance calculator
604. The sound engine 602 receives an audioinput signal
606 and a positioninputsignal 608. The audio input signal
606 is an example of audio input signalling. The position
input signal 608 is an example of associated position
input signalling. The position input signal 608 comprises
information that describes an apparent position of origin,
within a sound field, of different components of the audio
input signal 606. The position of origin of a particular
sound relative to a user is customarily described by an
azimuthal angle and an elevation angle relative to the
user.

[0039] The distance calculator 604 is configured to re-
ceive a left reference signal 610 and a right reference
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signal 612. The reference signals may also be referred
to as driver signals. The left reference signal 610 and the
right reference signal 612 are representative of ultra-
sound signals supplied to a left headphone and a right
headphone, respectively (not shown). The left head-
phone and right headphone are examples of a left acous-
tic transmitter and a right acoustic transmitter, respec-
tively. The distance calculator 604 is further configured
to receive a left received signal 614 and a right received
signal 616. The leftreceived signal 614 and right received
signal 616 are representative of ultrasound signals trans-
mitted by the left and right headphones respectively and
received at a microphone (not shown), which is an ex-
ample of a first microphone.

[0040] The distance calculator 604 can calculate left
distance data 618 which represents the distance be-
tween the left headphone and the microphone, from anal-
ysis of the left reference signal 610 and the left received
signal 614. For example, if the left reference signal 610
and the left received signal 614 represent a first contin-
uous ultrasound signal then it is possible to track the po-
sition of the peak of the cross-correlation of the left ref-
erence signal 610 with the left received signal 614. The
position of the peak provides the time delay between the
left reference signal 610 and the left received signal 614
from which the left distance data 618 can be determined
using the speed of sound in air, which is of course known.
[0041] Itwillbe appreciated that other mechanisms can
be used to determine the left distance data 618. For ex-
ample, if the left reference signal 610 comprises a first,
optionally discrete, series of time multiplexed ultrasound
pulses then it is possible to determine the time of flight
of the pulses because each pulse in the left received
signal 614 can be identified as relating to a corresponding
pulse within the left reference signal 610. The left dis-
tance data 618 can be computed from the time difference
between the corresponding pulses and using the known
speed of sound in air.

[0042] Similarly, it is possible to determine the right
distance data 620, which represents the distance be-
tween the right headphone and the microphone, from the
right reference signal 612 and the right received signal
616. That is, the right reference signal 612 and the right
received signal 616 may be representative of a second
continuous ultrasound signal. Alternatively, the right ref-
erence signal 612 and the right received signal 616 may
comprise a second series of time multiplexed ultrasound
pulses.

[0043] If both the left reference signal 610 and the right
reference signal 612 are continuous ultrasound signals
then it may be necessary for the distance calculator 604
to discriminate between them. The left reference signal
610 may contain a first set of ultrasound frequency com-
ponents and the right reference signal 612 may contain
a second set of ultrasound frequency components,
wherein the first set of ultrasound components are at dif-
ferent frequencies to the second set of frequency com-
ponents. Each set of frequency components may com-
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prises a single frequency. The sets of frequency compo-
nents may comprise different non-overlapping ultra-
sound frequency ranges.

[0044] If both the left reference signal 610 and the right
reference signal 612 comprise a series of discrete ultra-
sound pulses then different pulses may be distinguished
either by using different frequencies or by using different
time multiplexing for the left reference signal 610 com-
pared with the right reference signal 612.

[0045] The distance calculator 604 can then supply the
calculated left distance data 618 and the calculated right
distance data 620 to the sound engine 602.

[0046] The sound engine 602 is configured to process
the audio input signal 606, the position input signal 608,
the received left distance data 618 and right distance
data 620 to provide a left audio output signal 622 and a
right audio output signal 624. When the left audio output
signal 622 and the right audio output signal 624 are pro-
vided to a left headphone and a right headphone respec-
tively, the sound signal created will provide the user with
a surround sound field that adapts according to the ori-
entation of the user’s head relative to the surround sound
device. Therefore, the left audio output signal 622 and
the right audio output signal 624 can be considered as
examples of output audio signalling representative of a
sound field, that are determined in accordance with the
determined left distance and the determined right dis-
tance.

[0047] Various different adaptations of the surround
sound field, in accordance with changes of the left dis-
tance data 618 and the right distance data 620, are pos-
sible. In relation to the example of figures 3 - 5, one ad-
aptation is to rotate the sound field about the azimuth by
an offset corresponding to the angle of rotation of the
user’'s head. Alternatively, the adaptation may take into
account both the absolute position of the user’s head and
the angle of the user’s head. For example, the head ro-
tation angle can be taken relative to the angle between
the device (microphone) and the listener. In this case, if
the user moves to the left and rotates his head to the
right to keep looking at the screen, then no compensation
would be applied. As a further alternative, the amplitude
of part of, or all of, the sound field may be increased or
decreased as the distance values represented by the left
distance data 618 and the right distance data 620 de-
crease or increase in order to account for a user moving
further away from or closer to the microphone. Modifica-
tions to the elevation of components of the sound field
are also possible.

[0048] Figure 7 illustrates a block diagram comprising
a surround sound system that includes a signal process-
ing circuit 700 for head-tracking, a pair of headphones
comprising a left acoustic transmitter / headphone 740
and a right acoustic transmitter / headphone 746, a first
microphone 750 and a second microphone 752. The sig-
nal processing circuit 700 comprises a 3D sound engine
702, a distance calculator 704 and an angle calculator
706. The angle calculator 706 is one example of an offset
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calculator.

[0049] The 3D sound engine 702 receives audio input
signals 708. In this case a pair of audio input signals 708
corresponding to a stereo signal is illustrated. It will be
appreciated that the audio input signals 708 could alter-
natively comprise a monaural signal or any other known
form of multichannel audio signal. The 3D sound engine
702 also receives sound position information 710 which
comprises information relating to the azimuth and eleva-
tion of each component of the audio input 708. Of course,
the audio input signals 708 and sound position informa-
tion 710 could be received at a common input terminal.
[0050] The distance calculator 704 receives a left ref-
erence signal 712, a right reference signal 714, a left
received signal 716 and a right received signal 718. The
distance calculator 704 is configured to calculate dis-
tance information 720 comprising left distance data and
right distance data as described above in relation to figure
6. The distance calculator then provides this distance
information 720 to the angle calculator 706. The angle
calculator 706 is configured to determine the orientation
angle of a user’s head as described in relation to figures
4 and 5. The angle calculator 706 then provides the ori-
entation angle 722 to the 3D sound engine 702, which
can use the orientation angle 722 as an offset value. In
this example, the offset value is an azimuth angle offset
value. The 3D sound engine 702 is configured to provide
a left audio output signal 724 and a right audio output
signal 726 suitable for providing a surround sound field
to a pair of headphones 740, 746, adapted in accordance
with the user’s head orientation angle 722. The 3D sound
engine 702 can add the orientation angle 722 to the re-
ceived sound position information 710 in order to provide
offset position input signalling. The 3D sound engine 702
can then determine the right audio output signal 726 and
the left audio output signal 724 in accordance with the
audio input signals 708 and the offset position input sig-
nalling.

[0051] The offsetcalculator may be an angle calculator
that is configured to calculate an azimuth angle offset
value.

[0052] A left mixer 727 mixes the left audio output sig-
nal 724 with a left ultrasound signal 728 received from a
left ultrasound signal generator 730 in order to provide a
combined left audio and ultrasound signal 736. The left
ultrasound signal generator 730 also provides the left
reference signal 712, which is representative of the left
ultrasound signal 728, to the distance calculator 704. A
right mixer 725 mixes the right audio output signal 726
with a right ultrasound signal 732 received from a right
ultrasound signal generator 734 in order to provide a
combined rightaudio and ultrasound signal 742. The right
ultrasound signal generator 734 also provides the right
reference signal 714, which is representative of the right
ultrasound signal 732, to the distance calculator 704.
[0053] The combined left audio and ultrasound signal
736 is provided to a left amplifier 738 which provides an
amplified signal to the left headphone 740. The combined
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right audio and ultrasound signal 742 is provided to a
right amplifier 744 which provides an amplified signal to
the right headphone 746.

[0054] The ultrasound signals transmitted by the left
headphone 740 and the right headphone 746 are detect-
ed by a microphone assembly 748. In this example, the
microphone assembly 748 comprises at least the first
microphone 750 and the second microphone 752. The
first microphone 750 provides the left received signal 716
and the right received signal 718 to the distance calcu-
lator 704. The left received signal 716 and the right re-
ceived signal 718 may be provided to the distance cal-
culator 704 as a combined signal, as illustrated in figure
7. The distance calculator 704 will then process the com-
bined signal in order to determine the left received signal
716 and right received signal 718, for example by distin-
guishing different frequency components or differenttime
multiplexing as described above in relation to figure 6.
Similarly, the second microphone 752 provides a second
left received signal 717 and a second received right re-
ceived signal 719 to the distance calculator 704.

[0055] In some examples, the microphone assembly
748 may comprise a processor (not shown) configured
to separate the left received signal 716 and the right re-
ceived signal 718 from the signal received at the first
microphone 750, such that the microphone assembly 748
may provide the left received signal 716 and the right
received signal 718, separately, to the distance calculator
704. Similarly, the processor may be configured to sep-
arate the second left received signal 717 and the second
received signal 719 from the signal received at the sec-
ond microphone 752.

[0056] Thedistance calculator 704 can then determine
the left distance in accordance with the left reference
signal 712, the left received signal 716 and the second
left received signal 717. The distance calculator 704 can
also determine the right distance in accordance with the
right reference signal 714, the right received signal 718
and the second right received signal 719.

[0057] It will be appreciated that the microphone as-
sembly 748 may comprise a single microphone or an
array / plurality of microphones. Where a plurality of mi-
crophonesis present, the microphone assembly 748 may
provide a plurality of left received signals and a plurality
of right received signals to the distance calculator 704,
wherein each such signal is associated with a particular
microphone. The distance calculator 704 may then use
the plurality of left received signals and right received
signals in conjunction with the left reference signal 712
and the right reference signal 714 to determine the left
distance and the right distance. The use of a plurality of
left received signals and right received signals may ad-
vantageously enable a more accurate determination of
the left distance and the right distance to be made. For
example the distance calculator 704 may apply averag-
ing methods or triangulation methods to the received plu-
rality of left received signals and the plurality of right re-
ceived signals, in cases where the plurality of micro-
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phones are located at positions remote from one another.
In addition, an array of microphones may provide the
advantage of improving the signal to noise ratio of the
left received signals and the right received signals.
[0058] The first microphone 750 may itself comprise a
microphone assembly comprising one or more individual
microphones. Also, the second microphone 752 may it-
self comprise a microphone assembly comprising one or
more individual microphones.

[0059] Figure 8 shows a block diagram of a sound en-
gine 800. The sound engine 800 receives an audio input
signal 802 and a position input signal 804. The position
input signal 804 may comprise head-tracking information
determined by systems such as those described in rela-
tion to figures 3 - 7 above. The sound engine 800 gen-
erates signals that enable the simulation of sounds orig-
inating from locations remote from a user’s headphones.
Therefore, it is desirable to adapt the audio input signal
802 to account for the changes to the sounds that would
occur if those sounds had actually originated from those
remote locations.

[0060] The position input signal 804 is provided to an
interaural gain and delay block 806. The interaural gain
and delay block 806 determines the appropriate delay
807 required to form a left delayed audio signal 810 and
a right delayed audio signal 814. The delay 807 corre-
sponds to the time difference that a user would perceive
in the arrival of a sound at the user’s left ear compared
to the arrival of the sound at the user’s right ear if the
sound had originated from a particular location remote
from the user. An interaural delay block 808 processes
the required delay 807 and the audio input signal 802 to
provide the left delayed audio signal 810 and the right
delayed audio signal 814.

[0061] The interaural gain and delay block 806 also
determines the appropriate left gain 812 and right gain
815 to apply to the left delayed audio signal 810 and to
the right delayed audio signal 814 respectively. The re-
spective left gain 812 and right gain 815 correspond to
a difference in volume of the sound that the user would
perceive in the sound arriving at the user’s left ear com-
pared to the sound arriving at the user’s right ear, if the
sound had originated from the particular location remote
from the user.

[0062] The left delayed audio signal 810 and the left
gain 812 are provided to a left amplifier 811. The left
amplifier 811 amplifies the left delayed audio signal 810
in accordance with the left gain 812 to provide a left am-
plified audio signal 813. Similarly, the right delayed audio
signal 814 and the right gain 815 are provided to a right
amplifier 816. The right amplifier 816 amplifies the right
delayed audio signal 814 in accordance with the right
gain 815 to provide a right amplified audio signal 817.
[0063] The sound engine 800 also comprisesan HRTF
library block 818. The HRTF library block 818 comprises
a record of Head Related Transfer Functions (HRTFs).
These enable the transformation of audio signals to adapt
the signals to the form appropriate for supply to a user’'s
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ears. This adaptation is necessary because a sound sup-
plied from a position remote from a user will be altered
by interacting with the user’s body before it arrives at the
user’s eardrum. For example, the sound will arrive direct-
ly at the user’s left ear, but it will also arrive indirectly by
reflecting from the user’s left shoulder into the user’s left
ear. The sound will also be modified by, for example,
interacting with the user’s left pinna before it arrives at
the user’s left eardrum. It will be appreciated that the
interactions of the sound with the user’s body will differ
depending on the location from which a particular sound
originates relative to the position of the user, and that the
interactions will be different for the user’s left ear com-
pared to the user’s right ear. The Head Related Transfer
Functions comprise the information, in the form of filter
coefficients, required to achieve these adaptations. In
accordance with the position input signal 804, the HRTF
library block 818 selects a set of left filter coefficients 820
suitable to transform the left amplified audio signal 813.
The left amplified audio signal 813 and the left filter co-
efficients are provided to a left finite impulse response
filter 822. The left finite impulse response filter 822 filters
the left amplified audio signal 813 in accordance with the
left filter coefficients 820 to provide a left output signal
824.

[0064] Similarly, in accordance with the position input
signal 804, the HRTF library block 818 selects a set of
right filter coefficients 826 suitable to transform the right
amplified audio signal 817. The right amplified audio sig-
nal 817 and the right filter coefficients 826 are provided
to aright finite impulse response filter 828. The right finite
impulse responsefilter 828 filters the right amplified audio
signal 817 in accordance with the right filter coefficients
826 to provide a right output signal 830.

[0065] The left output signal 824 and the right output
signal 830 will be suitable for supply, directly orindirectly,
to respectively a left headphone and a right headphone
(not shown). Thereby the headphones will provide an
appropriate surround sound field to the user.

[0066] Figure 9 illustrates a method of signal process-
ing. The method comprises the following steps.

[0067] The first step 902 comprises receiving a left ref-
erence signal representative of an ultrasound signal sup-
plied to a left acoustic transmitter.

[0068] The second step 904 comprises receiving, from
a first microphone, a left received signal representative
of an ultrasound signal transmitted by the left acoustic
transmitter. The ultrasound signal will have travelled
through the air between the left acoustic transmitter and
the first microphone.

[0069] The third step 906 comprises determining a left
distance between the left acoustic transmitter and the
first microphone in accordance with the received left ref-
erence signal and the received left received signal. The
left distance can be determined by analysing the left ref-
erence signal and the left received signal as discussed
above in relation to figure 6.

[0070] The fourth step 908 comprises receiving a right
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reference signal representative of an ultrasound signal
supplied to a right acoustic transmitter.

[0071] The fifth step 910 comprises receiving, from the
first microphone, a right received signal representative
of an ultrasound signal transmitted by the right acoustic
transmitter. The ultrasound signal will have travelled
through the air between the right acoustic transmitter and
the first microphone.

[0072] The sixth step 912 consists of determining a
right distance between the right acoustic transmitter and
the first microphone in accordance with the received right
reference signal and the received right received signal.
The right distance can be determined by analysing the
right reference signal and the right received signal as
discussed above in relation to figure 6.

[0073] The seventh step 914 consists of providing out-
put audio signalling representative of a sound field in ac-
cordance with the determined left distance and the de-
termined right distance. The sound field may be supplied
to a user, such that the sound field remains consistent
despite movements of the users head. The audio output
signalling may be provided to the left acoustic transmitter
and the right acoustic transmitter, thereby avoiding the
need to have separate components to provide the audio
output signalling to a user and to provide the ultrasound
signals required for head-tracking.

[0074] Itwillbe appreciated that other systems capable
of acting as sound engines exist. For example, one such
system is disclosed in "A structural model for binaural
sound synthesis" by C. Phillip Brown and Richard O. Du-
da (IEEE Transactions on speech and audio processing,
vol. 6, no. 5, September 1998).

Claims
1. A signal processing circuit comprising:
a distance calculator configured to:

receive a left reference signal representa-
tive of an ultrasound signal supplied to a left
acoustic transmitter;

receive, from a first microphone, a left re-
ceived signal representative of an ultra-
sound signal transmitted by the left acoustic
transmitter;

determine a left distance between the left
acoustic transmitter and the first micro-
phone in accordance with the received left
reference signal and the received left re-
ceived signal;

receive a right reference signal represent-
ative of an ultrasound signal supplied to a
right acoustic transmitter;

receive, from the first microphone, a right
received signal representative of an ultra-
sound signal transmitted by the right acous-
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tic transmitter; and
determine aright distance between the right
acoustic transmitter and the first micro-
phone in accordance with the received right
reference signal and the received right re-
ceived signal; and

a sound engine configured to provide output au-
dio signalling representative of a sound field in
accordance with the determined left distance
and the determined right distance.

2. The signal processing circuit of claim 1, wherein the
sound engine is configured to:

receive audio input signalling and associated
position input signalling; and

process the received audio input signalling and
associated position input signalling in accord-
ance with the determined left distance and the
determined right distance in order to provide the
output audio signalling.

3. The signal processing circuit of claim 2, further com-
prising:

an offset calculator configured to determine an
offset value for the position signalling in accord-
ance with the determined left distance and the
determined right distance; and

wherein the sound engine is configured to:
addthe offset value to the received positioninput
signalling in order to provide offset position input
signalling; and

determine the output audio signalling in accord-
ance with the audio input signalling and the off-
set position input signalling.

4. The signal processing circuit of claim 3, wherein the
offset calculator is an angle calculator that is config-
ured to calculate an azimuth angle offset value.

5. The signal processing circuit of any preceding claim,
wherein the output signalling comprises a left audio
signal for the left acoustic transmitter and a right au-
dio signal for the right acoustic transmitter.

6. The signal processing circuit of any preceding claim,
wherein:

the left reference signal and the left received sig-
nal are representative of a first continuous signal
containing a first set of ultrasound frequency
components; and

the right reference signal and the right received
signal are representative of a second continu-
ous signal containing a second set of ultrasound
frequency components, wherein the first set of
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ultrasound components are at different frequen-
cies to the second set of frequency components.

10. The signal processing circuit of claim 9, wherein the
distance calculator is configured to:

7. The signal processing circuit of claim 6, wherein the
distance calculator is configured to: 5

apply an averaging method or triangulation
method to the left received signal and the sec-
ond left received signal in order to determine the

determine the left distance by tracking a position
of a peak of a cross-correlation between the left
reference signal and the left received signal; and
determine the right distance by tracking a posi-
tion of a peak of a cross-correlation between the

10

left distance; and
apply an averaging method or triangulation
method to the right received signal and the sec-
ond right received signal in order to determine
the right distance.

right reference signal and the right received sig-
nal. 11. The signal processing circuit of any preceding claim
wherein the left and right acoustic transmitters com-
8. The signal processing circuit of any one of claims 1 75 prise a pair of headphones or earphones.
to 5, wherein:
12. The signal processing circuit of any preceding claim,
wherein the first microphone comprises a micro-
phone assembly comprising one or more individual

microphones.

the left reference signal and the leftreceived sig-
nal comprise a first series of time multiplexed
ultrasound pulses; 20
the right reference signal and the right received

signal comprise a second series of time multi- 13. A surround sound system comprising:

plexed ultrasound pulses; and
wherein the distance calculator is configured to:

ceived signal and the second right received
signal.

10

the signal processing circuit of any preceding

determine the left distance by calculatingatime- 25 claim;
of-flight of the first series of time multiplexed ul- a pair of headphones comprising the left acous-
trasound pulses between the left acoustic trans- tic transmitter and the right acoustic transmitter;
mitter and the first microphone; and and
determine the right distance by calculating a the first microphone.
time-of-flight of the second series of time multi- 30
plexed ultrasound pulses between the right 14. A method of signal processing, the method compris-
acoustic transmitter and the first microphone. i
9. The signal processing circuit of any preceding claim, receiving a left reference signal representative
wherein: 35 of an ultrasound signal supplied to a left acoustic
transmitter;
the distance calculator is further configured to: receiving, from afirstmicrophone, a leftreceived
signal representative of an ultrasound signal
receive, from a second microphone, a sec- transmitted by the left acoustic transmitter;
ond left received signal representative of 40 determining a left distance between the left
the ultrasound signal transmitted by the left acoustic transmitter and the first microphone in
acoustic transmitter; and accordance with the received left reference sig-
receive, from the second microphone, a nal and the received left received signal;
second right received signal representative receiving a right reference signal representative
of the ultrasound signal transmitted by the 45 of an ultrasound signal supplied to a right acous-
right acoustic transmitter; and tic transmitter;
receiving, from the first microphone, a right re-
wherein the distance calculator is configured to: ceived signal representative of an ultrasound
signal transmitted by the right acoustic transmit-
determine the left distance in accordance 50 ter;
with the left reference signal, the left re- determining a right distance between the right
ceived signal and the second left received acoustic transmitter and the first microphone in
signal; and accordance with the received right reference
determine the right distance in accordance signal and the received right received signal;
with the right reference signal, the right re- 55 and

providing output audio signalling representative
of a sound field in accordance with the deter-
mined left distance and the determined right dis-
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tance.

15. A computer program, whichwhenrunonacomputer,
causes the computer to perform the method of claim
14, configure the signal processing circuitofanyone %
of claims 1 to 12, or configure the surround sound
system of claim 13.
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